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Introduction 19
Transposon mutagenesis is a powerful technique in microbial genetics for the identification 20 of genes in uncharacterized pathways 1-3 . However, transposon library screening does not scale 21 well, requiring a new screen for each substrate and extensive oversampling to completely 22 identify all the genes in a given metabolic pathway. A recent technique, dubbed BarSeq 4 , 23 overcomes these limitations by introducing random 20-nucleotide barcodes into each transposon 24 mutant, which can then be tracked using high-throughput DNA sequencing to quantitatively 25 measure the fitness effect of each knockout. Here we show that, when applied to catabolic 26 pathways, barcoded transposon libraries can be used to distinguish redundant pathways, 27 decompose complex pathways into substituent modules, discriminate between enzyme 28 homologs, and rapidly identify previously-hypothetical enzymes in an unbiased genome-scale can be screened against a panel of substrates in a single experiment. We chose Novosphingobium 48 aromaticivorans DSM12444 (hereafter 'DSM12444'), a bacterium isolated from contaminated 49 sediment, as a model system for pathway identification 10, 11 . This strain has been shown to 50 catabolize a wide range of aromatic compounds, and its catalytic repertoire is predicted to 51 include enzymes that degrade model lignin-derived biaryls such as guaiacylglycerol-β-guaiacyl 52 ether 12 . To begin identifying the genes involved in aromatic degradation in this strain, we 53 constructed a barcoded transposon library in DSM12444. A single round of transposon insertion 54 sequencing was performed to map barcodes to insertion sites, identifying a total of 43,270 unique Sphingomonads are known to catabolize PCA through 4,5-cleavage of the aromatic ring.
69
DSM12444 contains chromosomal copies of the genes necessary for this cleavage pathway, 70 ligABCIUJK, as well as plasmid-encoded genes for the lower 2,3-cleavage pathway for catechol, 71 5 xylEGHIJKQ. During growth with PCA, disrupting either pathway produces a consistent 72 decrease in fitness, averaging a 76% decrease in fitness for an insertion in the lig pathway or a 73 39% decrease in fitness for an insertion in the xyl pathway ( Figure 2 ). Replica plating can 74 obscure subtle differences in growth rate resulting from disruption of redundant pathways, but 75 these differences are readily observable in our quantitative fitness measurements. We also note 76 that disruption of the genes encoding ring-cleaving dioxygenases, ligAB and xylE, do not 77 demonstrate measurable fitness defects. DSM12444 contains at least seven ring-cleaving 78 dioxygenases 13 , and we hypothesize that, when grown in the presence of high concentrations of 79 PCA, these alternate dioxygenases can substitute for the pathway-specific enzymes. We next examined the genes involved in degradation of ferulate and vanillate. By measuring 91 the fitness effects during growth not just with the ultimate substrate, ferulate, but also during 92 growth with the intermediates vanillate and PCA, we can decompose the entire pathway for 93 ferulate degradation into modules for the conversion of ferulate to vanillate, vanillate to PCA, 94 and PCA to central metabolites ( Figure 3 ). For example, it is clear from our data that ferAB and 95 ligV are needed for conversion of ferulate to vanillate, but not for further metabolism of Decomposing a pathway in this manner will simplify the process of matching unknown 105 enzymes to their catalytic activities. However, and in contrast to growth with PCA, growth with 106 vanillate or ferulate requires the genes for the PCA ring-cleaving dioxygenase, ligAB. When 107 PCA is an intermediate rather than a substrate, its concentration is likely to be lower, which in 108 turn makes the PCA-specific ring-cleaving dioxygenase more critical. In general, we find that the 109 genetic requirements are more stringent for growth with an upper pathway substrate than an suggesting that conversion through PDC is not a major route ( Supplementary Figure 3) .
163
Since our fitness measurements could efficiently recapitulate known pathways for aromatic 164 catabolism, we sought to use these data to identify the uncharacterized enzymes in this pathway Figure 4) . Accordingly, we propose that 173 SARO_RS14525, which we name desC, demethylates CHMOD, and SARO_RS14530, which 174 we name desD, isomerizes one of the intermediates. Notably, Sphingobium sp. SYK-6 contains 175 homologs of both desC and desD, and desC occurs in a cluster with the homologs of RS14535, 176 RS14545, ligM, metF, and ftfL. 177 To confirm these results, we constructed clean deletions of ligA, ferA, ligM, desA, desC, and 178 desD in DSM12444. The deletion strains were grown in minimal medium containing glucose, 4-179 HB, ferulate, or sinapate as the sole source of carbon and energy, and their growth rates were 180 compared to the wild type ( Figure 4 ). As expected, none of the mutations affected growth with 181 glucose, and only the ligA deletion decreased growth with 4-HB. Deletion of ligA, ligM, or ferA 182 significantly decreased growth with ferulate, while deletion of desA, desC, or desD had no effect.
183
In contrast, deletion of ligM had no impact on growth with sinapate, while deletion of desA and 184 desC severely decreased growth and deletion of desD had a moderate effect. Since ligM is 185 dispensable but desC is required for growth with sinapate, we conclude that DSM12444 degrades 186 sinapate solely through CHMOD. We hypothesize that, as shown in SYK-6, cleavage of the 3-187 MGA ring by LigAB produces a mixture of stereoisomers, which are resolved by DesD. In the 188 absence of desD, growth is permitted, but inefficient. with the scope of the networks 6 . In this work, we have shown that randomly-barcoded transposon 201 mutagenesis provides the necessary scale for pathway discovery, by rapidly and quantitatively 202 identifying genes that affect catabolism across panels of substrates.
203

Materials and Methods
204
Media and chemicals 205 All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific 206 (Fairlawn, NJ) and were molecular grade. All oligonucleotides were ordered from IDT 207 (Coralville, IA). E. coli were routinely cultivated at 37 ºC in LB, while N. aromaticivorans were 208 grown at 30 ºC in LB or DSM Medium 457 containing the indicated carbon source. Aromatic 209 monomers were dissolved in DMSO at 100 g/L and added at a working concentration of 1 g/L.
210
As needed, cultures were supplemented with kanamycin at 50 mg/L, streptomycin at 100 mg/L, combined into a single mixed culture, and grown overnight in 50 mL of LB+kanamycin at 30 ºC.
227
Aliquots of the combined library were stored in 7% DMSO at -80 ºC for further analysis. 228 Additionally, genomic DNA was prepared using a DNeasy Blood and Tissue kit (Qiagen, 229 Valencia, CA) according to the manufacturer's directions. MM457+kanamycin containing the appropriate carbon sources. Cultures were grown to 249 14 saturation at 30 ºC and then frozen for later analysis. Genomic DNA was isolated and barcodes 250 were amplified using custom indexing primers as described previously 4 . Barcode amplicons 251 were quantified using a Qubit fluorimeter, pooled, and sequenced at the Joint Genome Institute 252 on a HiSeq 2500 lane. Barcode frequencies and gene fitness values were calculated using custom 253 scripts as described previously 4 .
254
Gene deletions 255 In-frame gene deletions were constructed using a kanamycin/rpsL suicide vector 29 . Briefly, 256 appropriate deletion cassettes were synthesized and cloned into pAK405. The resulting plasmids 257 were transformed into strain WM6026, a conjugation-proficient DAP auxotroph. Plasmids were 258 transferred to DSM12444 by conjugation following the same protocol as for library construction. Growth rate measurements 266 Strains were grown to saturation overnight in minimal medium with 2 g/L glucose. They 267 were then diluted 100x into fresh medium containing the appropriate carbon source and grown as 268 triplicate 100 µL cultures in a Bioscreen C plate reader (Oy Growth Curves Ab Ltd, Helsinki, 269 Finland). Growth was monitored using optical density at 600 nm (OD 600 ). Growth rates were 270 calculated during exponential growth using CurveFitter software 30 . 
